The number and subunit composition of postsynaptic AMPA receptors (AMPARs) is a key determinant of synaptic transmission. The vast majority of AMPARs contain GluA2 subunit, which renders the channel impermeable to calcium. However, a small proportion are GluA2 lacking and therefore calcium permeable (CP-AMPARs). It has been proposed recently that long-term potentiation (LTP) involves not only an increase in the total number of AMPARs at the synapse but also a transient switch to CP-AMPARs in the first few minutes after LTP induction. The molecular mechanisms that underlie this switch to CP-AMPARs and the subsequent switch back to calciumimpermeable AMPARs are unknown. Here, we show that endogenous GluA1 is rapidly inserted at the synaptic plasma membrane of rat hippocampal neurons immediately after stimulation with elevated glycine, a treatment known to induce LTP. In contrast, GluA2 is restricted from trafficking to the cell surface by a glycine-induced increase in PICK1-GluA2 binding on endosomal compartments. Between 5 and 20 min after stimulus, activation of CP-AMPARs triggers a release of GluA2 from PICK1, allowing GluA2-containing AMPARs to traffic to the synaptic plasma membrane. These results define a PICK1-dependent mechanism that underlies transient alterations in the subunit composition and calcium permeability of synaptic AMPARs that is important during the early phase after stimulation with glycine and therefore is likely to be important during the expression of LTP.
Introduction
Long-term synaptic plasticity is thought to underlie learning and memory and the fine-tuning of neural circuitry during development. AMPA receptors (AMPARs) mediate the majority of fast excitatory synaptic transmission in the brain, and most forms of plasticity at excitatory synapses require alterations in AMPAR number brought about by regulated trafficking. A decrease in synaptic strength involves AMPAR removal from synapses in long-term depression (LTD), whereas an increase in synaptic AMPARs leads to enhanced synaptic strength during long-term potentiation (LTP) (Shepherd and Huganir, 2007; Collingridge et al., 2010; Henley et al., 2011) .
It has been suggested that, as well as changes in AMPAR number, alterations in subunit composition are important during early stages of hippocampal CA3-CA1 LTP (Plant et al., 2006; Lu et al., 2007; Yang et al., 2010 ; but see Adesnik and Nicoll, 2007) . A transient incorporation of GluA2-lacking AMPARs has been recorded electrophysiologically during the first 10 min after LTP induction but has not been observed using imaging techniques. GluA2-lacking AMPARs are calcium permeable, and it has been suggested that the initial insertion of calcium-permeable AMPARs (CP-AMPARs) provides additional signaling to contribute to calcium-dependent processes required for long-lasting synaptic changes, including the reincorporation of GluA2-containing AMPARs (Plant et al., 2006; Isaac et al., 2007) . However, the molecular processes behind this switch in AMPAR subunit composition during LTP are unclear.
Most imaging studies that have investigated subunit-specific trafficking during LTP have used overexpressed AMPAR subunits tagged with GFP or pHluorin, which form homomers in neurons (Shi et al., 1999; Yudowski et al., 2007; Makino and Malinow, 2009; Kennedy et al., 2010) . These studies have provided important information about a GluA1-driven mechanism for LTP. The specific trafficking behavior of GluA2 during LTP is much less clear, and data from similar studies have been inconsistent. It has been suggested that GluA2 trafficking is not regulated during LTP (Shi et al., 2001; Makino and Malinow, 2009 ), whereas another study reported similar trafficking behavior as GluA1 (Kopec et al., 2006) . It is important to clarify these discrepancies and define the subunit-specific mechanisms that regulate trafficking of endogenous AMPARs during LTP.
PICK1 is a PDZ and BAR domain protein that binds calcium and has a central role in AMPAR internalization and LTD (Hanley and Henley, 2005; Hanley, 2008; Terashima et al., 2008; Citri et al., 2010) . The effect of calcium concentration on GluA2-PICK1 binding is biphasic, with the maximal effect seen with small increases in calcium (Hanley and Henley, 2005) . PICK1 has also been shown to be involved in LTP (Terashima et al., 2008) , but the molecular mechanisms involved are unknown.
Here, we define the localization and trafficking properties of endogenous AMPAR subunits in response to stimulation with elevated glycine, a treatment known to induce LTP (Lu et al., 2001) . During the 3 min stimulus, GluA1 is rapidly inserted into the synaptic plasma membrane, whereas GluA2 is restricted from trafficking to the surface by increased PICK1 binding on endosomes. Activation of GluA2-lacking CPAMPARs later disrupts GluA2-PICK1 interactions, allowing GluA2-containing AMPARs to traffic to the synapse.
Materials and Methods
DNA constructs and viral vectors. PICK1 shRNA, WT-PICK1, DD4,6AA-PICK1 and ⌬380 -390 -PICK1 (previously referred to as ⌬CT-PICK1) have been reported previously (Hanley and Henley, 2005; Nakamura et al., 2011) . cDNA encoding mCherry-PICK1 was ligated into pCDNA3.1. GFP-Rab11 was a kind gift from M. Ehlers (Duke University, Durham, NC).
Primary neuronal culture. Rat embryonic hippocampal neuronal cultures were prepared from E18 Wistar rats (of either sex) using standard procedures. The culture medium was Neurobasal medium (Invitrogen) supplemented with B27 (Invitrogen) and 2 mM glutamine. Neurons were transfected at 12-13 DIV using Lipofectamine 2000 and used for experiments 5-6 d later.
Antibodies. The following antibodies were used: N-terminal antiGluA1, anti-GluA2, and anti-GluA3 (Millipore); anti-PICK1 (NeuroMab); anti-GRIP1 and anti-Rab11 (BD Biosciences); and anti-early endosomal antigen 1 (EEA1), anti-PSD95, and anti-tubulin (all from Sigma).
Glycine stimulation (chemical LTP) . Chemical LTP was induced as described previously (Lu et al., 2001; Park et al., 2004 Park et al., , 2006 . Briefly, neuronal cultures were transferred from Neurobasal growth medium to extracellular solution (ECS) containing the following (in mM): 150 NaCl, 2 CaCl 2 , 5 KCl, 10 HEPES, pH 7.4, 30 glucose, 0.0005 TTX, 0.001 strychnine, and 0.02 bicuculline methiodide. After 5 min in ECS, neuronal cultures were treated with glycine (200 M) for 3 min in ECS and then incubated in ECS without glycine for a range of time points before fixation.
For 1-naphthyl acetyl spermine (NASPM) treatment, cells were incubated with NASPM (30 M; Tocris Bioscience) immediately after glycine treatment for the duration of the experiment.
Immunocytochemistry. For endogenous surface and intracellular staining of AMPARs, after glycine treatment, neurons were first fixed for 5 min with 4% paraformaldehyde (PFA) in PBS. Surface AMPARs were labeled with primary antibody against the N-terminal extracellular domain of rat GluA1, GluA2, or GluA3, followed by a Cy3-conjugated secondary antibody (1:500) under nonpermeabilized conditions. Neurons were then fixed for 12 min with 4% PFA, permeabilized using 0.1% Triton X-100 including 10% horse serum for 10 min, and incubated in the same primary antibody, followed by Cy5-conjugated secondary antibodies (1:500; The Jackson Laboratory) to visualize intracellular receptors.
For double immunolabeling of AMPARs and PSD95, after glycine treatment, surface AMPARs were labeled as described above. After permeabilization of the cells with 0.1% Triton X-100 in 10% horse serum for 10 min, cells were then stained with anti-PSD95, followed by Cy5-conjugated secondary antibody (1:500). In some experiments, early endosomal (EEA1) and recycling endosomal (Rab11) markers were used in conjunction with PICK1 antibody.
Transferrin recycling assay. Dissociated hippocampal neurons were incubated with Alexa Fluor 594 -transferrin (50 g/ml; Sigma) in normal growth medium for 60 min at 37°C to reach equilibrium. Neurons were then treated with or without glycine (200 M, 3 min) in ECS as described above and then incubated in the same solutions without any added glycine for various time points. After washing, neurons were fixed and immunostained with specific primary antibodies against GluA2 and PICK1.
Image analysis and quantification. Images were acquired using a Carl Zeiss LSM510 confocal microscope. Z-stacks of 5-10 images were taken at 1024 ϫ 1024 resolution with Z-step of 0.5 m. Images for all conditions in a particular experiment were obtained using identical acquisition parameters and were analyzed using NIH ImageJ software. Neurons were selected blind based on EGFP fluorescence. Quantification of surface AMPARs was performed by thresholding the EGFP fluorescence signal in NNIH ImageJ to define outlines of neurons, and the ratio of surface over total (surface ϩ internal) fluorescence within this area was calculated. These values were then normalized to the average surface fluorescence of untreated control cells. For all experiments, except when noted, n values represent individual experiments in which 10 -15 cells were imaged in each. Data are expressed as mean Ϯ SEM, and significance was determined using two-tailed t tests, with the Bonferroni's post hoc correction for multiple comparisons. For presentation, images were processed using Adobe Photoshop software (Adobe Systems) by adjusting brightness and contrast levels to the same degree for all conditions illustrated in each experiment. Colocalization of different markers was determined using NIH ImageJ colocalization plugin (JaCoP plugin). The degree of colocalization between immunolabels was assessed on the original data in dendritic segments by calculating the overlap coefficient according to Manders. Automated thresholding to correct the background was used to avoid user bias in setting analysis parameters. Values were then normalized to untreated control cells. For each condition, n values represent individual experiments in which 10 -15 cells were analyzed in each and three to five regions of interest per cell. Data are expressed as mean Ϯ SEM, and significance was determined using two-tailed t tests, with the Bonferroni's post hoc correction for multiple comparisons. To control for random colocalization in the same set of images, one channel was rotated by 180°and then analyzed in the same way.
Live imaging. Dissociated hippocampal neurons were transfected with GFP-Rab11 to label recycling endosomes and mCherry-PICK1. Cultures were transferred to ECS, and images were acquired at a rate of one per minute at a resolution of 512 ϫ 512. For subsequent analysis, the GFP-Rab11 fluorescence was used to define a region of interest, and the mCherry-PICK1 fluorescence in this compartment was measured over time.
Surface biotinylation. After glycine stimulation, neurons were chilled on ice, washed twice with ice-cold PBS, and incubated with 0.15 mg/ml Sulfo-NHS-SS-Biotin (Pierce) in PBS for 10 min on ice. Cells were then washed two times with cold PBS, incubated for 5 min in 50 mM NH 4 Cl in PBS, washed three times with PBS, and lysed in lysis buffer (150 mM NaCl, 25 mM HEPES, 1% Triton X-100, and 0.1% SDS). After centrifugation, lysate was incubated with streptavidin-agarose beads for 3 h at 4°C and washed four times in lysis buffer, and bound proteins were detected by Western blotting.
Coimmunoprecipitations. Cultured neurons (15-19 DIV) were subjected to the glycine stimulation protocol (see above). Cultures were chilled on ice and then lysed in 150 mM NaCl, 25 mM HEPES, pH 7.5, 1% Triton X-100, plus protease inhibitors. Lysates were cleared by centrifugation and then incubated with 2 g of anti-PICK1 or GRIP1 antibody for 1 h at 4°C. Protein G-Sepharose beads were added and rotated at 4°C for 1 h, followed by four to five washes in lysis buffer. Bound proteins were then detected by Western blotting.
Quantification of immunoblots. Immunoblots from at least five independent experiments were scanned and analyzed using NIH Image J. Error bars represent SEM, and two-tailed t tests were performed to determine significant differences.
Results
Temporally distinct cell surface insertion of endogenous AMPAR subunits in response to glycine stimulation We used a chemical stimulation protocol involving bath application of glycine to activate synaptic NMDARs in response to spontaneously released glutamate in dissociated hippocampal neurons. This protocol has been used previously to drive AMPAR insertion and dendritic spine enlargement and to potentiate synaptic transmission (Lu et al., 2001; Park et al., 2004 Park et al., , 2006 Yudowski et al., 2007) . We used a 3 min glycine stimulus, and the time points described here are taken from the end of this stimulus. Changes in the localization of endogenous AMPAR subunits were assessed using fixed cell immunocytochemistry.
Immediately after glycine stimulation (0 min), GluA1 surface levels are significantly increased (20 Ϯ 4% increase, p Ͻ 0.0125) compared with untreated controls and continue to increase until 5 min after stimulus (55 Ϯ 8% increase compared with controls, p Ͻ 0.005; Fig. 1 A) . Interestingly, surface levels of GluA2 are unchanged immediately after glycine stimulus and also at 5 min ( Fig. 1 B) . However, 10 min after stimulus, GluA2 surface expression begins to increase (30 Ϯ 6% increase compared with control, p Ͻ 0.0125) and increases further until 20 min (70 Ϯ 9% increase compared with control, p Ͻ 0.001; Fig. 1 B) . GluA1 surface levels remain elevated at 20 min after stimulus (30 Ϯ 7% increase compared with control, p Ͻ 0.0125; Fig. 1 A) . Surface GluA3 increases Figure 1 . Transient insertion of endogenous GluA2-lacking AMPARs at the plasma membrane after glycine stimulation (immunocytochemistry). Dissociated hippocampal neurons expressing EGFP were exposed to elevated glycine for 3 min, returned to normal medium for the specified time, and fixed at 0, 5, 10, or 20 min after stimulus. Controls did not receive the stimulus. Surface and internal GluA1 (A), GluA2 (B), and GluA3 (C) were sequentially labeled under nonpermeabilized conditions and permeabilized conditions with different colored secondary antibodies. Representative images are shown for all conditions, with zoomed sections of dendrites taken from the boxes marked. Graphs show surface/internal ratio relative to unstimulated controls. *p Ͻ 0.0125, **p Ͻ 0.005, ***p Ͻ 0.001. n ϭ 4 independent experiments, with 12-15 cells in each. Scale bars, 20 m.
by 16 Ϯ 4% ( p ϭ 0.046) at 0 min and 26 Ϯ 9% (p ϭ 0.037) at 5 min after stimulation (Fig. 1C) , which are nonsignificant after the Bonferroni's post hoc correction for multiple comparisons. These results indicate that, during the first 5 min after glycine exposure, GluA2-lacking AMPARs are inserted into the neuronal plasma membrane, whereas between 10 and 20 min after stimulus, AMPARs containing GluA2 are trafficked to the cell surface.
We next used biotinylation assays to determine surface levels of AMPAR subunits, which gave similar results as the immunocytochemistry. At 5 min after glycine stimulation, GluA1 surface expression shows a 150 Ϯ 15% increase ( p Ͻ 0.005), GluA2 is unchanged, and surface GluA3 increases by 65 Ϯ 21% ( p Ͻ 0.05; Fig. 2 A) . At 20 min after stimulus, GluA2 surface expression is enhanced by 97 Ϯ 19% ( p Ͻ 0.01). GluA1 surface levels remain elevated at 20 min (81 Ϯ 20% increase compared with control, p Ͻ 0.01), and GluA3 returns to control levels ( Fig. 2 B) .
Internalization of GluA2 from the cell surface could be an alternative or complementary mechanism to GluA1 plasma membrane insertion for increasing the proportion of GluA2-lacking AMPARs. However, we observed no significant loss of surface GluA2 immediately after glycine stimulation, suggesting that this does not account for our results (Figs. 1 B, 2A) . Together, our results indicate that endogenous GluA2-lacking AMPARs are inserted into the neuronal plasma membrane immediately after glycine stimulation. These receptors are likely to be GluA1 homomers with a possible small contribution from GluA1/GluA3 heteromeric receptors. There is then a delayed insertion of GluA2-containing AMPARs at the cell surface between 10 and 20 min after stimulus.
Temporally distinct synaptic targeting of endogenous AMPAR subunits in response to glycine stimulation
To investigate whether the observed increases in AMPAR subunit surface levels are localized to synaptic sites, we costained cultured neurons for surface AMPAR subunits and intracellular PSD95 as a synaptic marker. At 5 min after glycine treatment, colocalization between surface GluA1 and PSD95 increases by 19 Ϯ 5% compared with untreated controls ( p Ͻ 0.025; Fig. 3A ), whereas GluA2 is unchanged (Fig. 3B ). Twenty minutes after the glycine stimulus, surface GluA1 shows an additional increase in PSD95 colocalization (41 Ϯ 6% increase compared with control, p Ͻ 0.001; Fig. 3A ), and GluA2 also shows a glycine-induced increase in colocalization with PSD95 (30 Ϯ 4% increase compared with control, p Ͻ 0.001; Fig. 3B ). Colocalization between surface GluA3 and PSD95 shows a small, transient increase at 5 min after stimulus (15 Ϯ 2% increase compared with controls, p Ͻ 0.025). These experiments demonstrate that GluA2-lacking AMPARs are transiently inserted at synaptic sites in response to glycine stimulus. The smaller increase in synaptic incorporation of GluA1 compared with the increase in cell surface levels at 5 min is consistent with a model in which a proportion of the GluA2-lacking AMPARs inserted at the plasma membrane in response to LTP are located at extrasynaptic sites.
Delayed insertion of GluA2 after glycine stimulation is PICK1 dependent
It has been demonstrated previously that PICK1 mediates certain GluA2-dependent trafficking events (Terashima et al., 2004; Ho et al., 2007; Dixon et al., 2009) . We therefore investigated the possibility that PICK1 is involved in the delayed forward traffic of GluA2 during LTP, by manipulating PICK1 expression levels using overexpression and RNAi-mediated knockdown.
We first used shRNA to reduce endogenous PICK1 expression (Nakamura et al., 2011) and analyzed GluA2 surface expression at a range of time points after glycine treatment. As presented in Figure 1 B, GluA2 trafficking to the cell surface in control neurons expressing EGFP is delayed until 10 min after glycine stimulus and continues to increase until 20 min after stimulus. However, in neurons expressing EGFP and PICK1 shRNA, surface GluA2 increases much sooner, with an increase of 34 Ϯ 5% ( p Ͻ 0.001) at 5 min after stimulus, which is maintained for at least 20 min (Fig. 4 A) . This demonstrates that PICK1 restricts GluA2 trafficking to the plasma membrane immediately after glycine stimulation. In the converse experiment, we overexpressed PICK1 and performed the same analysis. Surprisingly, in PICK1-overexpressing neurons, glycine treatment induces a loss of surface GluA2 at 5 min after stimulation (54 Ϯ 4% decrease compared with control, p Ͻ 0.001; Fig. 4 B) . This indicates that the level of PICK1 expression determines the extent of GluA2 retention in response to glycine stimulation. To test this further and to confirm specificity of the shRNA, we knocked down endogenous PICK1 with shRNA and simultaneously expressed shRNA-resistant PICK1. Exogenously expressed PICK1 over-rescues the shRNA knockdown phenotype, resulting in reduced surface GluA2 at 5 min after glycine treatment (31 Ϯ 4% decrease compared with control, p Ͻ 0.0125; Fig. 4C ). Together, these data suggest that PICK1 plays a central role in controlling GluA2 traffic to the cell surface during the first few minutes after LTP induction.
Colocalization of PICK1 and GluA2 on endosomal compartments is transiently enhanced after glycine stimulation
Because our data suggest a role for PICK1 in transiently restricting GluA2 trafficking to the synaptic plasma membrane during LTP and PICK1 has been shown to colocalize with both early and recycling endosomes (Sossa et al., 2006; Madsen et al., 2008) , we investigated whether the association of PICK1 with GluA2 on endosomal compartments is regulated after glycine stimulation. We used Alexa Fluor-conjugated transferrin to label functional Figure 2 . Transient insertion of endogenous GluA2-lacking AMPARs at the plasma membrane after glycine stimulation (surface biotinylation). Dissociated hippocampal neurons were exposed to elevated glycine for 3 min and then returned to normal medium. Controls did not receive the stimulus. After 5 min (A) or 20 min (B), biotinylation was used to quantify surface levels of AMPAR subunits. Representative Western blots are shown of GluA1-GluA3 present in total lysates (T) and surface (S, biotinylated) GluA1-GluA3 after glycine stimulus or under control conditions. Graphs show surface/total ratio relative to control. *p Ͻ 0.05, ***p Ͻ 0.005. n ϭ 6 independent experiments. endosomes and analyzed endogenous GluA2-PICK1 colocalization in these compartments. Figure 5A shows that the proportion of GluA2 that colocalizes with PICK1 on transferrin-positive compartments increases at 5 min after the glycine stimulus (21 Ϯ 4% increase compared with control, p Ͻ 0.0125), reaching a peak at 10 min (33 Ϯ 4% increase compared with control, p Ͻ 0.001). At 20 min after stimulus, the proportion of GluA2 colocalizing with PICK1 on endosomes decreases dramatically to a level not significantly different from control.
These results suggest that PICK1 may translocate to endosomal compartments to regulate GluA2 trafficking during LTP. To test this hypothesis, we costained cultured neurons for PICK1 and the early endosomal antigen marker EEA1 or the recycling endosome marker Rab11 at 5 and 20 min after glycine stimulation. At 5 min after stimulus, the colocalization of PICK1 with both endosomal markers is significantly increased [EAA1, 21 Ϯ 3% increase compared with control, p Ͻ 0.01 (Fig. 5B) ; Rab11, 49 Ϯ 5% increase compared with control, p Ͻ 0.001 (Fig. 5C)] . In both cases, these increases are transient and decrease at 20 min after stimulus. However, the colocalization of PICK1 with Rab11 remains higher than controls at the 20 min time point (18 Ϯ 4% increase compared with control, p Ͻ 0.01; Fig. 5C ). As a control for this experiment, we also analyzed the colocalization of PICK1 with the synaptic marker PSD95. Glycine stimulation has no effect on the synaptic localization of PICK1 at 5 min but does result in an increase at 20 min after stimulus (21 Ϯ 4% increase compared with control, p Ͻ 0.025; Fig. 5D ).
To explore further the association of PICK1 with endosomal compartments, we performed live imaging experiments using mCherry-PICK1 in conjunction with GFP-Rab11 to label recycling endosomes. We used the GFP (Rab11) fluorescence signal to define endosomes in sections of dendrite and measured the mCherry (PICK1) fluorescence in these endosomal compartments over time. Stimulation with glycine results in a rapid increase in PICK1 association with recycling endosomes, reaching a peak at 4 min after stimulus (102 Ϯ 12% increase compared with baseline, p Ͻ 0.001; Fig. 5E ). This association remains elevated for several minutes and then gradually decreases toward baseline levels, with a significant decrease at 20 min compared with 5 min after glycine stimulation (34 Ϯ 8.9% decrease, p Ͻ 0.025). This demonstrates that PICK1 translocates to recycling endosomes in response to glycine stimulation, after a time course that is consistent with a role in restricting GluA2 trafficking through endosomal compartments during the early stages of LTP.
GluA2-PICK1 interaction is transiently enhanced after glycine stimulation
Our data so far suggest that LTP induction may cause a transient increase in GluA2-PICK1 interactions that restrict GluA2 trafficking to the synaptic plasma membrane, delaying the insertion of GluA2-containing receptors. Alternatively, it could be that basal levels of PICK1 binding to GluA2 are sufficient to retain GluA2 inside the cell at 5 min after LTP induction and that the PICK1-GluA2 interaction is actively inhibited between 5 and 20 min. To distinguish between these hypotheses, we performed coimmunoprecipitations (co-IPs) from hippocampal cultures at 5 and 20 min after glycine stimulation to investigate GluA2-PICK1 interactions. Control IPs were performed using normal Figure 3 . Transient incorporation of GluA2-lacking AMPARs at synaptic sites after glycine stimulation. Dissociated hippocampal neurons were exposed to elevated glycine for 3 min, returned to normal medium for the specified time, and fixed at 5 or 20 min after stimulus. Controls did not receive the stimulus. Neurons were sequentially stained for surface AMPAR subunits GluA1 (A), GluA2 (B), GluA3 (C), (green channel), and PSD95 (red channel) under nonpermeabilized and permeabilized conditions, respectively. Representative images are shown for all conditions. Graphs show Manders' colocalization coefficients for the fraction of AMPAR subunit colocalized with PSD95 normalized to control. *p Ͻ 0.025, **p Ͻ 0.005. n ϭ 3 independent experiments, with 10 -15 cells in each. Scale bars, 5 m.
IgG to demonstrate specificity of the interaction (data not shown). Figure 6 A demonstrates that GluA2-PICK1 binding increases dramatically at 5 min after stimulus (187 Ϯ 45% increase compared with control, p Ͻ 0.01) and returns to baseline at 20 min, consistent with a role for PICK1 in regulating GluA2 surface expression during LTP. GRIP1 is another PDZ domain protein that is involved in AMPAR trafficking and synaptic plasticity (Takamiya et al., 2008; Hanley and Henley, 2010) and can bind directly to PICK1 (Lu and Ziff, 2005) . We therefore investigated GluA2-GRIP1 and PICK1-GRIP1 binding using the same approach. The association of GRIP1 with GluA2 also increases at 5 min after glycine treatment (100 Ϯ 55% increase compared with control, p Ͻ 0.05; Fig. 6 B) . In contrast to the PICK1 interaction, GluA2-GRIP binding is maintained at 20 min after stimulus. The PICK1-GRIP1 interaction follows a similar pattern as GluA2-GRIP1, with a 105 Ϯ 30% increase at 5 min compared with control ( p Ͻ 0.05; Fig. 6C ). No significant reduction in PICK1-GRIP1 binding is seen at 20 min compared with 5 min after stimulus, suggesting that this interaction is also maintained at this later time point.
These data demonstrate that a PICK1-GRIP1-GluA2 complex is involved in the regulation of GluA2 trafficking after glycine stimulation and therefore suggest that this complex is involved in these processes during LTP expression. The tripartite complex associates soon after stimulation, and PICK1 later dissociates from GluA2. GRIP1 remains associated with both GluA2 and PICK1, suggesting that two distinct pools of GRIP1 are involved during this process.
Calcium influx via GluA2-lacking AMPARs triggers the release of GluA2 from PICK1
The delayed synaptic plasma membrane insertion of GluA2 suggests that this event is not an immediate consequence of calcium influx through NMDARs activated during LTP induction. We therefore investigated the possibility that the disruption of GluA2-PICK1 interactions, and plasma membrane insertion of GluA2 between 5 and 20 min after stimulus, is triggered by the activation of GluA2-lacking CP-AMPARs. We performed co-IPs after stimulation with glycine in neurons treated with NASPM to block CPAMPARs (Koike et al., 1997; Dixon et al., 2009) . Interestingly, NASPM completely blocks the reduction in PICK1-GluA2 interactions between 5 and 20 min after glycine stimulation (Fig. 6C) , suggesting that calcium influx through CP-AMPARs inhibits the interaction of PICK1 with GluA2. To explore this further, we analyzed the plasma membrane expression levels of GluA1 and GluA2 after stimulation in the presence of NASPM. Although NASPM has no effect on GluA1 trafficking, it completely blocks the increase in surface GluA2 at 20 min after glycine treatment (Fig. 6 D) . This strongly suggests that the resetting of synaptic AMPARs to GluA2-containing subtypes depends on the activation of GluA2-lacking receptors that are transiently expressed at the synapse immediately after LTP induction. NASPM has no effect on the increase in PICK1-GluA2 binding . PICK1 restricts GluA2 trafficking to the cell surface after glycine stimulation. A, PICK1 knockdown allows the traffic of GluA2 to the plasma membrane within 5 min after glycine stimulation. Dissociated hippocampal neurons transfected with plasmids expressing EGFP alone or EGFP plus PICK1 shRNA were exposed to elevated glycine for 3 min, returned to normal medium for the specified time, and fixed 0, 5, 10, or 20 min after stimulation. Controls did not receive the stimulus. Cells were processed for immunocytochemistry as described for Figure 1 . Graph shows surface/internal ratio relative to unstimulated controls. **p Ͻ 0.005, ***p Ͻ 0.001. n ϭ 4 independent experiments, with 12-15 cells in each. Scale bar, 20 m. B, PICK1 overexpression further restricts GluA2 trafficking to the plasma membrane in response to glycine stimulation. Dissociated hippocampal neurons transfected with plasmids expressing WT-PICK1-IRES-EGFP were treated as in A. Graph shows surface/internal ratio relative to unstimulated controls. ***p Ͻ 0.001. n ϭ 4 independent experiments, with 12-15 cells in each. Scale bar, 20 m. C, Coexpression of sh-resistant WT-PICK1 rescues the shRNA phenotype. Dissociated hippocampal neurons transfected with plasmids expressing shRNA against PICK1 plus sh-resistant WT-PICK1-IRES-EGFP were treated as in A. Graph shows surface/internal ratio relative to unstimulated controls. *p Ͻ 0.0125. n ϭ 4 independent experiments, with 12-15 cells in each. Scale bar, 20 m. Figure 5 . Transient increase in PICK1 localization at endosomal compartments after glycine stimulation. A, Colocalization between GluA2 and PICK1 is transiently increased at endosomal compartments after stimulation with glycine. Dissociated hippocampal neurons were preloaded with Alexa Fluor-transferrin to label endosomes (red channel). Neurons were exposed to elevated glycine for 3 min, returned to normal medium for the specified time, fixed at 0, 5, 10, or 20 min after stimulus, and stained using anti-GluA2 (green channel) and anti-PICK1 (blue channel). Controls did not receive the stimulus. Representative images are shown for all conditions. Graph shows Manders' colocalization coefficients for the fraction of GluA2 colocalized with PICK1 within the transferrin compartment normalized to control. *p Ͻ 0.0125, ***p Ͻ 0.001. n ϭ 3 independent experiments, with 10 -15 cells in each. Scale bar, 5 m. B, Colocalization between PICK1 and EEA1 is transiently enhanced in dendrites at 5 min after glycine stimulation. Dissociated hippocampal neurons were glycine stimulated as in A and stained using anti-EEA1 (green channel) and anti-PICK1 (red channel). Controls did not receive the stimulus. Representative images are shown for all conditions. Graph shows Manders' colocalization coefficients for the fraction of PICK1 colocalized with EEA1 normalized to control. **p Ͻ 0.01. n ϭ 4 independent experiments, with 10 -12 cells in each. Scale bar, 5 m. C, Colocalization between PICK1 and the recycling endosomal marker Rab11 is transiently enhanced in dendrites at 5 min after glycine stimulation. Dissociated hippocampal neurons were glycine stimulated as in A and stained using anti-Rab11 (green channel) and anti-PICK1 (red channel). Controls did not receive the stimulus. Representative images are shown for all conditions. Graph shows Manders' colocalization coefficients for the fraction of PICK1 colocalized with Rab11 normalized to control condition. **p Ͻ 0.01, ***p Ͻ 0.001. n ϭ 4 independent experiments, with 10 -12 cells in each. Scale bar, 5 m. D, Colocalization between PICK1 and the synaptic marker PSD95 is unchanged at 5 min after glycine stimulation but increases at 20 min. Dissociated hippocampal neurons were glycine stimulated as (Figure legend continues.) between 0 and 5 min after stimulus or on GluA2 trafficking at this earlier time point, which is consistent with the notion that there is negligible synaptic expression of GluA2-lacking AMPARs under basal conditions (Lu et al., 2009) .
PICK1 is a calcium sensor, and direct calcium binding alters the conformation of the protein, modulating its interaction with GluA2 during NMDAR-dependent LTD (Hanley and Henley, 2005; Citri et al., 2010) ) of PICK1 are involved in calcium binding. The N-terminal region is crucial for sensing calcium during LTD, whereas the cellular function of the C-terminal region is unknown (Hanley and Henley, 2005; Citri et al., 2010) . Because our data show that the PICK1-GluA2 interaction is regulated after glycine stimulation via the activity of CP-AMPARs, we asked whether PICK1 acts as a calcium sensor during the trafficking events triggered by this stimulus. To investigate this question, we analyzed GluA2 trafficking in hippocampal neurons expressing two different mutant forms of PICK1 targeting the acidic regions. A two amino acid substitution in the N-terminal acidic region (DD4,6AA-PICK1), which is known to reduce calcium binding to the same extent as deleting the entire acidic domain (Hanley and Henley, 2005) , and a mutant lacking the C-terminal acidic region (⌬380 -390 -PICK1; Fig. 7A ). Although overexpression of WT-PICK1 flag leads to a 54% glycine-induced loss of surface GluA2 at 5 min after stimulus (Fig. 4B) , this effect is completely abolished in neurons expressing ⌬380 -390 -PICK1 flag or DD4,6AA-PICK1 flag (Fig. 7B ). This suggests that calcium binding to PICK1 is required for the PICK1-mediated restriction of GluA2 trafficking to the plasma membrane during the first 5 min after glycine treatment. At 20 min after stimulus in WT-PICK1 flag -overexpressing cells, surface GluA2 increases relative to the 5 min time point, suggesting that GluA2 is released from WT-PICK1 and allowed to traffic to the cell surface (Fig. 4B) . In contrast, DD4,6AA-PICK1 flag and ⌬380 -390 -PICK1 flag restrict GluA2 traffic at this later time point, suggesting that calcium binding is also required for the release of GluA2 from PICK1.
We also analyzed the association of these mutant forms of PICK1 with Rab11-positive recycling endosomal compartments after stimulation with glycine. Exogenous WT-PICK1 flag shows a similar pattern as endogenous PICK1, with a transient increase in colocalization with Rab11 at 5 min after stimulus (14 Ϯ 3% increase compared with control, p Ͻ 0.025). In contrast, neither DD4,6AA-PICK1 flag nor ⌬380 -390 -PICK1 flag shows increased association with the Rab11 compartment at 5 min after glycine stimulation. These experiments suggest that the calcium-sensing properties of PICK1 are crucial for regulating GluA2 trafficking during LTP, for both the initial restriction of trafficking through the endosomal system and the delayed release of GluA2 for insertion at the cell surface.
Discussion
We have defined a mechanism for the switch in AMPAR subunit composition in hippocampal neurons that occurs after stimulation with elevated glycine, a treatment known to induce LTP. This stimulus rapidly activates PICK1 to increase its binding to GluA2 and also its association with endosomal compartments. Although allowing the trafficking of GluA2-lacking AMPARs to the plasma membrane within the first 5 min after glycine stimulation, calcium-dependent PICK1 interactions restrict the forward trafficking of GluA2-containing AMPARs, resulting in synaptic expression of GluA2-lacking CP-AMPARs. Subsequent activation of these CP-AMPARs results in the dissociation of PICK1 from GluA2, allowing GluA2-containing receptors to insert into the synapse between 5 and 20 min after stimulation (Fig.  8) . Thus, increased PICK1-GluA2 binding is responsible for the appearance of CP-AMPARs, and CP-AMPAR activation is responsible for disrupting PICK1-GluA2. This elegant feedback loop would allow transient, self-limiting increases in synaptic calcium immediately after LTP induction.
Subunit-specific trafficking
Our data indicate that the transiently surface-expressed GluA2-lacking AMPARs are composed primarily of GluA1 homomers, with a possible contribution from either GluA3 homomers or, more likely, GluA1/GluA3 heteromeric receptors. Interestingly, GluA3 surface levels return to baseline, and GluA1 shows a slight decrease at 20 min after glycine stimulation compared with 5 min, suggesting that the GluA2-lacking AMPARs may be internalized between 5 and 20 min and replaced by GluA1/GluA2.
The increase in GluA1 surface expression (55% increase) at 5 min after stimulation is considerably greater than the increase in GluA1 synaptic localization (19% increase) at the same time point. Furthermore, GluA1 synaptic localization increases further at 20 min compared with 5 min, compared with a small decrease in GluA1 surface expression during the same time period. This suggests that a proportion of the newly inserted GluA2-lacking AMPARs are initially expressed at extrasynaptic sites and then move by lateral diffusion to synapses. This is consistent with a recent study reporting the insertion of overexpressed pHluorin-tagged GluA1 homomers at extrasynaptic sites before lateral diffusion to synapses during LTP (Makino and Malinow, 2009) . Our data are also in agreement with an emerging universal model for AMPAR trafficking whereby receptors are inserted extrasynaptically, diffuse in the plasma membrane, and are eventually trapped at the synapse by TARP/PSD95 complexes (Opazo and Choquet, 2011) . The role of these extrasynaptic GluA2-lacking AMPARs is unclear, but a recent report suggested that they may be important in controlling the reversibility of LTP (Yang et al., 2010) . A relatively small increase in synaptic GluA1 at 5 min after LTP fits well with a theoretical model put forward by Guire et al. (2008) , suggesting that incorporation of GluA2-lacking receptors to just 5% of the total synaptic population would be sufficient to produce the increase in synaptic strength observed electrophysiologically.
Role of PICK1
PICK1 is required for the expression of both LTP and LTD (Terashima et al., 2008; Volk et al., 2010) . Numerous studies have defined molecular mechanisms that underlie the role of PICK1 in LTD, which involve regulating AMPAR internalization at the level of endocytosis from the plasma membrane or endosomal 4 (Figure legend continued. ) in A and returned to normal medium for the specified time, fixed at 5 or 20 min after stimulus, and stained using anti-PSD95 (green channel) and anti-PICK1 (red channel). Controls did not receive the stimulus. Representative images are shown for all conditions. Graph shows Manders' colocalization coefficients for the fraction of PICK1 colocalized with PSD95 normalized to control condition. *p Ͻ 0.025. n ϭ 3 independent experiments, with 10 -12 cells in each. Scale bar, 5 m. E, Association between PICK1 and Rab11 analyzed by live imaging. Dissociated hippocampal neurons expressing GFP-Rab11 and mCherry-PICK1 were exposed to elevated glycine for 3 min, followed by washout with normal medium. Images were collected every minute, and fluorescence intensity for mCherry-PICK1 was measured within a mask generated from the GFP-Rab11 signal. Images show representative images from selected time points, and graph shows fluorescence normalized to baseline (before glycine application). n ϭ 7. Scale bar, 2 m. Figure 6 . Interaction between GluA2 and PICK1 is transiently enhanced by glycine stimulation and is subsequently disrupted as a result of CP-AMPAR activation. A, GluA2-PICK1 interaction is transiently increased at 5 min after stimulus. Dissociated hippocampal neurons were stimulated with glycine for 3 min and returned to normal medium for the specified time. Lysates were prepared and IPs performed using anti-PICK1 antibody. Bound proteins were detected by Western blotting using anti-GluA2 and anti-PICK1 antibodies. Controls did not receive the stimulus. Left shows representative blots, and the graph shows PICK1-GluA2 binding relative to control. **p Ͻ 0.01. n ϭ 7. B, GluA2-GRIP1 interaction is increased at 5 and 20 min after stimulus. Dissociated hippocampal neurons were glycine stimulated as in A. Lysates were prepared and IPs performed using anti-GRIP1 antibody. Bound proteins were detected by Western blotting using anti-GluA2 and anti-GRIP1 antibodies. Controls did not receive the stimulus. Left shows representative blots, and the graph shows GRIP1-GluA2 binding relative to control. *p Ͻ 0.05; n ϭ 7. C, PICK1-GRIP1 interaction is increased at 5 min after stimulus. Dissociated hippocampal neurons were glycine stimulated as in A. Lysates were prepared and IPs performed using anti-PICK1 antibody. Bound proteins were detected by Western blotting using anti-PICK1 and anti-GRIP1 antibodies. Controls did not receive the stimulus. Left shows representative blots, and the graph shows GRIP1-PICK1 binding relative to control. *p Ͻ 0.05; n ϭ 9. D, Blockade of GluA2-lacking AMPARs with NASPM completely blocks the release of GluA2 from PICK1 between 5 and 20 min after glycine stimulation. Dissociated hippocampal neurons were glycine stimulated as in A, but 30 M NASPM was present throughout. Lysates were prepared and IPs performed using anti-PICK1 antibody. Bound proteins were detected by Western blotting using anti-GluA2 and anti-PICK1 antibodies. Controls did not receive the stimulus. Left shows representative blots, and the graph shows PICK1-GluA2 binding relative to control. *p Ͻ 0.05; n ϭ 6. E, Blockade of GluA2-lacking AMPARs with NASPM has no effect on GluA1 trafficking in response to glycine stimulation and blocks the increase in GluA2 surface expression at 20 min after stimulus. Dissociated hippocampal neurons were stimulated with glycine for 3 min and returned to normal medium for the specified time. NASPM (30 M) was present throughout. Controls did not receive the stimulus. Cells were fixed at 5 or 20 min after stimulus and processed for immunocytochemistry as described for Figure 1 . **p Ͻ 0.01; n ϭ 3 independent experiments, with 10 -12 cells in each. Scale bar, 5 m. flag and the recycling endosomal marker Rab11 is unaffected by glycine stimulation. Dissociated hippocampal neurons were glycine stimulated as in B and stained using anti-Rab11 (red channel) and anti-flag (green channel). Controls did not receive the stimulus.Representativeimagesareshownforallconditions.GraphsshowManders'colocalizationcoefficientsforthefractionofDD4,6AA-PICK1 flag colocalizedwithRab11normalizedtocontrolcondition.nϭ3independent experiments,with10-12cellsineach.Scalebar,5m.E,Colocalizationbetween⌬380-390-PICK1 flag andtherecyclingendosomalmarkerRab11isunaffectedbyglycinestimulation.Dissociatedhippocampalneurons were glycine stimulated as in B and stained using anti-Rab11 (red channel) and anti-flag (green channel). Controls did not receive the stimulus. Representative images are shown for all conditions. Graphs show Manders' colocalizationcoefficientsforthefractionof⌬380-390-PICK1 flag colocalizedwithRab11normalizedtocontrolcondition.nϭ3independentexperiments,with10-12cellsineach.Scalebar,5m.
compartments or both (Xu and Xia, 2006; Hanley, 2008) . However this is, to our knowledge, the first to report the mechanistic details of PICK1-dependent mechanisms during a stimulation protocol that induces LTP. Interestingly, our data suggest that the role of PICK1 in early LTP has similarities to a proposed role in LTD, namely it acts in a calcium-dependent manner to constrain GluA2 trafficking from endosomal compartments to the plasma membrane. The difference in expression between LTD and early LTP presumably lies in the forward traffic of GluA2-lacking AMPARs. Either this process is specifically stimulated during LTP, or alternatively it may be inhibited during LTD. PICK1 expression level has a profound effect on the trafficking of GluA2-containing AMPARs in response to glycine stimulus, demonstrating the importance of PICK1 in AMPAR trafficking during LTP. Endogenous PICK1 is sufficient to restrict GluA2 trafficking so that no change in surface expression is observed at 5 min after stimulation. Increasing PICK1 levels by overexpression results in a correspondingly stronger restriction of GluA2 trafficking to the cell surface in response to glycine stimulus. Conversely, reducing PICK1 expression by RNAi effectively removes this restriction of GluA2 trafficking to the cell surface, resulting in a very rapid increase in GluA2 surface expression similar to that of GluA1. GluA1 trafficking to the plasma membrane is initiated very rapidly in response to glycine treatment, with significantly increased surface levels observed immediately after stimulation (0 min time point). Under conditions of reduced PICK1 expression, surface levels of GluA2 show a trend toward increasing at 0 min, which is statistically significant at 5 min after stimulus. This slight discrepancy between GluA2 trafficking under conditions of PICK1 knockdown and GluA1 trafficking may reflect a contribution from other proteins, e.g., GRIP1, in modulating GluA2 traffic through recycling endosomes.
In addition to regulation of GluA2-PICK1 binding, our data indicate that GRIP1-GluA2 as well as GRIP1-PICK1 interactions are enhanced at 5 min after glycine stimulation. GRIP1 has been suggested to restrict surface trafficking of GluA2 during LTD (Daw et al., 2000) and also to function as part of a complex with PICK1 (Lu and Ziff, 2005) . At 20 min after glycine stimulation, the enhanced GRIP1-GluA2 and GRIP1-PICK1 interactions persist, in contrast to PICK1-GluA2, which returns to baseline levels. This suggests that distinct pools of GRIP1 are involved; some is bound to GluA2 as it traffics to the cell surface, whereas some remains associated with PICK1. Differential palmitoylation of GRIP1 isoforms may occur during LTP, since it has been reported that GRIP1 palmitoylation regulates endosomal recycling of AMPARs (Hanley and Henley, 2010; Thomas et al., 2012) .
The subsequent release of GluA2 from PICK1 and the trafficking of GluA2 to the plasma membrane is triggered by the activation of CP-AMPARs and depends on regions of PICK1 shown previously to be involved in binding calcium. Together, this suggests a mechanism in which CP-AMPARs mediate an influx of calcium that inhibits PICK1-GluA2 interactions, allowing the reincorporation of GluA2-containing AMPARs at the synapse. The calcium sensitivity of the PICK1-GluA2 interaction is biphasic, such that a moderate increase in calcium enhances the interaction and higher calcium concentrations attenuate the interaction (Hanley and Henley, 2005) . Our results suggest that the PICK1-GluA2 complex formed at 5 min after stimulus is exposed to a relatively high concentration of calcium via CP-AMPARs to free GluA2 from PICK1.
PICK1-dependent switching of AMPAR subunit composition has been shown previously to be important in in vitro models for pathological situations, such as ischemia (Dixon et al., 2009 ) and mild traumatic brain injury (Bell et al., 2009 ) that ultimately lead to neuronal dysfunction or death. It has been suggested that the Figure 8 . Model for subunit-specific AMPAR trafficking during LTP. A, Under basal conditions, the vast majority of synaptic AMPARs are GluA1/2 and GluA2/3 heteromers. These receptors continually exchange with endosomal compartments in rounds of recycling. It is assumed that a small proportion of intracellular AMPARs are GluA2 lacking (GluA1/3 heteromers or GluA1 homomers). A proportion of PICK1 associates with the recycling endosome system. B, Immediately after LTP induction, PICK1-GluA2 interactions are increased, and a larger proportion of PICK1 associates with endosomes, leading to retention of GluA2-containing AMPARs in endosomes. GluA2-lacking AMPARs are inserted at the plasma membrane and move laterally to the synapse. C, At 5 min after LTP, a proportion of synaptic AMPARs are GluA2 lacking, which are calcium permeable. D, Between 5 and 20 min after LTP induction, activation of GluA2-lacking CP-AMPARs leads to disruption of the PICK1-GluA2 interaction, allowing GluA2-containing AMPARs to be inserted into the plasma membrane. During this time, GluA2-lacking AMPARs are removed from the synaptic plasma membrane. E, This process leads to a net increase in synaptic AMPARs, the vast majority of which contain GluA2.
expression of GluA2-lacking AMPARs leads to excitotoxicity in these models. Glycine stimulation does not result in excitoxicity, which is probably attributable to the transient nature of the subunit switch, compared with a more sustained switch in pathological models (Liu et al., 2006; Dixon et al., 2009 ). In addition, a reduction in surface GluA2 is observed after these insults, whereas we see no loss of GluA2 from the plasma membrane in our experiments in this study. Perhaps this subtle difference is important in determining neuronal fate in response to the surface expression of CP-AMPARs. Additional studies will be needed to define the mechanisms that determine whether GluA2 is actively internalized from the plasma membrane or restricted from recycling back to the cell surface, depending on the stimulus.
PICK1 has been shown previously to associate with both early and recycling endosomal compartments (Sossa et al., 2006; Madsen et al., 2008) . We show here that stimulation with elevated glycine, a treatment known to induce LTP, causes an increase in colocalization of PICK1 with EEA1-positive (early) and Rab11-positive (recycling) endosomal compartments at early time points after stimulus. This suggests a role for PICK1 in regulating trafficking through these compartments and is consistent with a model in which PICK1 restricts the recycling of GluA2-containing receptors and hence prevents their insertion at the plasma membrane. A reduction in GluA2-PICK1 binding and an increase in GluA2 insertion into the synaptic plasma membrane occur while PICK1 remains associated with the Rab11-positive recycling compartment. This suggests that PICK1 does not influence the trafficking of AMPARcontaining endosomes per se but instead is recruited to these compartments to regulate the sorting of GluA2-containing AMPARs from recycling endosomes to the plasma membrane. The translocation of PICK1 to both early and recycling endosomal compartments in response to glycine stimulation suggests that PICK1 may be involved in controlling trafficking at multiple stages in the recycling pathway during LTP.
In conclusion, we have defined a novel negative feedback mechanism that results in the transient incorporation of GluA2-lacking CP-AMPARs at synaptic sites for several minutes during the initial phase of glycine stimulation, which is known to induce LTP in hippocampal neurons. This PICK1-dependent mechanism may contribute to calcium-dependent signaling processes necessary for the long-term maintenance of LTP.
